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Abstract
Designofantireflection(AR) thinfilmfilters usingonlySi-compatiblematerialsis extremely
importantfor anyelectronicphotodetectorfabricatedusingstandardsemiconductorprocessing.
The objectiveof theresearchis to designa broadbandAR thinfilm filters usingSilicon
CompatibleMaterials.heresearchwasconductedin twosteps.Thefirst stepwasthedeveloping
theoreticaldesignandthesecdndonewascomputeroptimization.
\
Thedesignmethodis basedon themainpropertiesof symmetricalmultilayerperiods
developedbyNenkovandI:ancheva(1997).Thematerialsusedwerelimitedonlyto those
practicallyemployedin a 'microelectroniccleanroomenvironment.Theoptimizationof the
designresultwasdoneusinga speciacomputersoftwarein orderto improvethecoating
performance.
Theresultof designprovidesa low reflectance«10 % withinthepassband)for a Si
substrateinthewavelengthrangeof380to780nm.
Keywords:ThinFilm Filter,AntiReflectionCoating(ARC),SiliconCompatibleMaterials,
SymmetricalMultilayer,TF Calc
1.Introduction
Thin film technologyis the current
technologyofchoiceforthefabricationofmostof
theopticalfilters,becauseof its cleartechnical
advantages,its passivenaturethatofferssimple
system integration,and its flexibility and
modularity.It hasbeenwidelyappliedto many
opticaldevices(e.g.,lenses,computermonitors,
eyeglasses,windowpanes,lightbulbs,mirrors,
solarcells,detectors,lasergyroscopes,television
cameras,prisms,WDM and DWDM filters,
VCSEL lasers,etc.),andwasfield-provento be
reliable.
Antireflection(AR) thin film filtersdesign
hasbeendevelopedstronglyandmaturedoverthe
decades(LockhartandKing, 1947;Young,1961;
Berning, 1985; Southwell,1985;Baumeister,
1986;Nagendra,1988;Thelen,1989;Cojocaru,
1992;NenkovandPancheva,1997).Theprimary
emphasisin the designof such interference
multilayercoatingsis to controlthereflectedor
transmittedlightatwavelengthsrangingtromX-
rays to far infrared(IR). More specifically,a
coating'seffectis determinedby how its layers
controltheinterferenceandabsorptionof light.
The researchis to designof a broadband
antireflection(AR) thinfilmfilter.Thebroadband
AR wasdesignedforSi substrates(notglass,asis
thetargetin themajorityof literaturesource)and
realizedusingonlySi-compatiblematerials.It is
extremelyimportantfor anyelectronicphotode-
tectorsfabricatedusingstandardsemiconductor
processing.Therefore,resultof theresearchis an
importantcontributionof theprojectforthefuture
developmentand implementationof real-life
opticaldetectorwhichmustuseonly thin film
filtersconstructedwithSi-compatiblematerials.
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2. Fundamental
Theory: Anti ReflectionCoatingsBased on
SymmetricalMultilayerPeriodsProperties
The main propertiesof a multilayer
symmetricalperiodmay be describedby its
characteristicmatrixM obtainedasa productof
Abeles'characteristicmatricesof separatelayers
(NenkovandPancheva,1997;Thelen,1989):
M=
[
MII M12
]
(1)
M 21 M 22
For matrices of every symmetrical
combinationof dielectricnonabsorbinglayers,
Mil =M 22' This relationallowsthecharacteristic
matrixof a symmetricalperiodtobereplacedby
thecharacteristicmatrixM of anequivalentsingle
layer,
M =
[
cosr
jN cosr
jsinr
]
N , f =-1
cosr
withequivalentphasethicknessr andequivalent
refractiveindexN definedas
The characteristicmatrixof a multilayerstack
fromp identicalsuccessivesymmetricalperiodsis
describedbythematrix:
[
r isinpr
]
M= cosp N
iNcospr cospr
whichcorrespondsto anequivalentsinglelayer
with the samerefractiveindexN andthephase
thicknesspr .
This formalanalogyis not valid for an
arbitrarywavelengthA.. For everysymmetrical
period,there are spectralregionsfor which
Mil <-1 andMIl> 1. These are the spectral
regionsinwhichbothNand r areimaginaryand
whereastrongincreaseofreflectanceoccurswhen
thenumberof symmetricalperiodsinamultilayer
is increased,i.e. a stopbandappears.Boundary
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conditionsfor thesezonesfollowfrom Mil =-1
and Mil =1.
Themainpropertiesof a coatingmadeupof
symmetricaldielectricperiodsmaybesummarized
asfollows(NenkovandPancheva,1997):
A multilayerstackwitha numberof identical
successivesymmetricalperiodsmay posses
high reflectancein spectralregionsnearthe
following wavelengthand corresponding
valuesof relativewavenumberg =,1,0/ A..
A=A Ao Ao Ao0, -2 ' 3 ''''k' (6)
(2)
i.e.g= 1,2,3,...,k
where,1,0=2L;nA is theopticalthicknessof
thelh layerin theperiod,andk is aninteger
positivenumber(k =1,2,3...)thatis calledthe
stop-bandorder.
In thespectralregionbetweentwoneighboring
stopbands,a symmetricalperiod can be
formallyreplacedby a single layer with
equivalentindexN andphasethicknessr of
valueswhichdependontheperiodstructure.If
themultilayercoatingconsistsof p identical
successivesymmetricalABA periods,itwill be
equivalentto a singlelayerwith the same
refractiveindexNandphasethicknessr .
The ARC designmethodbasedon the main
propertiesof symmetricalmultilayerperiods
developedby NenkovandPancheva(1997).The
desiredcorrespondingbandwithcanbeachieved
by suppressingvariousorders(oneor twoorder)
of stopbandsand selectingappropriatelythe
designwavelength.
(3)
(4)
(5)
3.Methodology
Thereweretwostepsintheresearch.Thefirst
stepwasthedevelopingtheoreticaldesignandthe
secondone was computeroptimizationto get
desiredesignperformance.
Developingtheoreticaldesign
In this step,the desiredfilter was design
theoreticallybasedonwell-establishedmathema-
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tical formulae.The design algorithmwas
developedbasedon the main propertiesof
symmetricalmultilayerperiodsdevelopedby
Nenkov and Pancheva(1997). The desired
correspondingbandwithcould be achievedby
suppressingvariousorders(oneor twoorder)of
stopbandsandselectingappropriatelythedesign
wavelength.Thematerialsusedwerelimitedonly
tothosepracticallyemployedina microelectronic
cleanenvironment.It wasassumedthatall the
materialswerehomogeneous,i otropicandnon-
absorbing.
Computeroptimization
There are somefactorscontributeto the
deviationof thepracticalperformancesof a real
coatingfTomthetheoreticalones.Thefirstfactor
is dueto the limitedof numberof practically
availablematerials.The idealAR coatingis an
inhomogeneouslayerwitha continuoustransition
of therefTactiveindexfromonemassivemedium
to theotheroneor,asanapproximation,a setof
very thin homogenouslayerswith refTactive
indicesincreasingin smallstepsfTomthe low-
index massive medium to the high-index
medium(Thelen,1989)
Thiscoatingis howeverof nopracticalvalue
sincethe choicesof materialsare limitedand
mixingtwo materialsto generateintermediate
refTactiveindicesisverydifficult.
Thesecondfactoristheinherentdispersionof
any real material.Moreover, an increased
thicknessof anylayerincreasesthedispersionof
theentirecoating.Therefore,thefinalresultwill
befarfromtheidealcharacteristic.
Basedon thetwo mentionedfactorsabove,
computeroptimizationof thetheoreticaldesignis
necessary.Computersimulationsof the optical
multilayerstructures,designedintheresearch,and
theircorrespondingcharacteristicswereperformed
usingtheprofessionalsoftwarepackageTFCALC.
All thesecomputersimulationtookintoaccount
thedependenceof wavelength(i.e.dispersion)of
theopticalpropertiesoftheavailablematerials.
However,it mustbeunderlinedthatthereare
variousoptimizationapproaches.In somecasethe
optimizationwas achievedby varying the
thicknessof the layers,but in othercasesby
varyingonlytherefTactiveindicesof somelayers,
while in othercasesbothparametervalueswere
changedstartingfTomthevaluesprovidedby the
initialdesign.Furthermore,theoptimizationwere
not limitedat only changingd or n: whenever
required,new layerswereaddedand/orinitial
layersdecreasedin thicknessuntil deletedor
replacedby other layers.Therefore,the final
designaftercomputeroptimizationmightbevery
differentfTomtheinitialdesign.
Anotherpracticalimitationis givenby the
factthatmonocrystalinesiliconshouldnotbe in
directcontactwithsiliconnitrideor air (Poenar,
1996).This is not desirableas the densityof
surfacestatescouldbequitelargeandvariablein
time,compromisingtheoperationof thedevices
realizedin thesubstrate.In orderto avoidthis
problem,onecanintroducea 'buffer'oxidelayer
betweenthedesignedmultilayercoatingandthe
underlyingSi substrate.In orderto improvethe
surfacepropertiesof thesubstratewithoutaltering
its opticalcharacteristics,theoxidethicknessof
this'buffer'shouldbeasthinaspossibleasit is
showninFigure1.It isclearthatevenforthenon-
idealcase,the 100A Si02 film still is a much
betteralternative,as it offersonly a negligible
deviationfTomtheopticalbehaviorofbareSi.
Consequently,in order to avoid any
undesirablesurfacepropertiesof thesubstrate,if
thefirstlayerof thecoatingdoesnotresultfrom
thecalculationsto beanoxidefilm, thenit will
alwaysbe automaticallyassumedthat the Si
substrateis coveredwitha 100A thermaloxide
layer.
4.ResultandDiscussion
The designof AR filterfollowsa few key
underlyingideas:
1) TheAR filtershouldprovidea lowreflectance
«10 % withinthepassband)fora Si substrate
(notglass,as is thetargetin themajorityof
literaturesources)in thewavelengthrangeof
380to780nm;
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2) OnlySi-compatiblematerialsshouldbeusedin
order to enable its usage for electric
photodetectorsfabricatedusingstandard(e.g.
CMOS)semiconductorprocessing.Thismeans
thatonly Si (monocrystalline,polycrystalline
oramorphous),SiOz(n=1.46)andShN4(n=2)
canbeused.
However,oxynitride(aSi-compatiblematerial
withpropertiesintermediateb tweenoxideand
nitride)could also be used.The refractive
indexof thismaterialis intherangeof 1.46to
2.0.
Finally,otherSi-compatiblematerialswhich
canalsobeusedaredopedoxideglasses,like
PSG/BSGIBPSG(thepresenceof thedopant
modifies to some extent their optical
properties),andlow stressnitride(a Si-rich
nitridewithanaveragerefractiveindexn"" 2.2
andwithsomenotableabsorptioni theshort
wavelengthrange).
3) As mentionedin theprevioussection,a 100A
thinoxidemustalwaysbepresentbetweenthe
AR coatingandtheSi substrate(unlessthe
coating'sfirstlayerisoxide).
The initial theoreticalcalculationsused
'ideal'materials,i.e.withoutloosesandwithno
dispersion(i.e. constantrefractiveindexin the
entirewavelengthrange:nSiOZ=1.46,nSi3N4=2,
n'ow-stressnitride=2.2,andfiSi=4.218). However,
the computeroptimizationswere carriedout
replacingtheseidealmaterialswiththerealones.
The opticalpropertiesof therealsiliconoxide,
siliconnitride,low-stresssiliconnitrideandforthe
Si substrateitselfusedinthesimulationsarebased
on valuestabulatedin literature(EMIS Data
reviews,1988).ThesematerialsaredenotedbyLIT-
SI02, LIT-SIN, LS-SIN andLIT-Si in theTables
presentedin thefollowingsectionsthatwill detail
thefinalstructuresofthedesignedfilters.
Reference:lIOO.O(nm)
Polarization:Ave-
FirstSurface:Front
Figure1.TheinfluenceofaSiOzlayeronthereflectanceofmonocrystallineSi.
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Thefirstattempteddesignwasacoatingwith
a oneorderstopbandsuppressionat 40/4 =2. A
threesymmetricallayer,aAbBaA, with oxide
(n=1.46)astheA componentandnitride(n=2)as
the B component,was employed.From the
formulaederivedbyNenkovandPancheva(1997),
thethicknessof theselayerscanbecalculated.By
settingthewavelengthdesignaUo=1100nm,the
periodicmultilayerwhichis constructedby this
symmetricalstructurecanprovideawidepassband
between41=380nmand42=780nm.
A matchinglayer with the substrateat
4=550nm is neededfor thisdesignsinceits
equivalent index ( NaAbBaA=1.239) is very
differentfromtheopticaladmittanceof silicon.
The necessarylayershouldhavean equivalent
index Nms=~NaAbBaA.nsubstrate=2.294, which
meansthat low-stresssilicon nitride can be
employedfor thismatchinglayer.The resultant
theoreticaldesignstructureispresentedinTable1,
anditsreflectanceurvecanbeseeninFigure2.
Takingdispersionintoaccount,hereflection
withinthepassbandecreasesbutthepassband
becomesnarrowerasitcanbeseeninFigure3.
100
Theoptimizationwasdoneby varyingboth
the thicknessesand refractiveindicesof the
coating'slayers.It canbeseenthattheoptimized
coatingprovidesa goodperformancedueto the
goodperformanceof theinitialtheoreticaldesign.
The final structureafter optimizationand its
performanceare presentedin Table 3 and in
Figure3,respectively.
Table1. The structuresdesignedby usingone
order stopband suppression
(40=1100nm).
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Figure2. Thereflectancecurvesof thedesignresultedinTable1,withoutmatchinglayer(dashed
line),andwithmatchinglayer(solidline),respectively.
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MatchingStructure
WithAir
OXIDE
n=1.46;d=94.18run
BasicStructure NITRIDE
(aAbBaA)5 n=2; d=137.5run
OXIDE
n=1.4;d=94.18run
MatchingStructure LOW-STRESSNITRIDE
WithSubstrate n=2.2;d=125run
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IIluminant: WHITE
Medium:Air
Subtrate:LIT-SI
Exit: LIT-SI
Detector:IDEAL
Angle:0.0(deg)
50.0
The theoreticallyresulted
design(dispersionincluded)
0.0
Reference:1100.0(nm)
Polarization:Ave -
FirstSurface:Front
Theoptimizedesign
400 450 500 550 600 650 700 750
Wavelength(nm)
Figure3. Thereflectancecurvesoftheoneorderstopbandsuppressiondesignscalculatedaftertaking
intoaccountthedispersionoftherealmaterialsandafteroptimization
However,thereis onedifficultywiththeone-
orderstopbandsuppression.The width of the
design passband resulted theoretically is
detenninedbychoosingwhichorderis suppressed
and by the designwavelengthselection.If
inappropriatevalues are taken for these
parameters,a poorly perfonningcoatingmay
result.An exampleis given in the following
design.A passbandwithin380to780nmcanalso
be achievedby suppressingthe third order
(11./11.0=3) andselectingthedesignwavelengthat
1650nm. Comparedto the designshownin
Figure.2,thisdesignwill resulthavinganarrower
passband,asitcanbeseeninFigure.4.Obviously,
this limitationwill thenaffecttheresultof the
subsequentoptimizations.
Alternatively,onecandesignacoatingwitha
two-orderstopbandsuppressionin order to
achievea wide enoughpassband.The basic
structure is a five symmetrical layer,
a1AbBaAbBa)A,composedof two materials,
oxide (n=1.46)and nitride (n=2).From the
fonnulaederivedbyNenkovandPancheva(1997),
thethicknessesof theselayerscanbecalculated.
Bysettingthedesignwavelengthat11.0=1800nm,
theperiodicmultilayerwhichis constructedby
this symmetricalstructure,can providea wide
passbandbetween380to780nm.
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Again,asubstratematchinglayerisneededat
A=550nm for thisdesignsinceits equivalent
index(N aAbBaAbBaA =1.124) is verydifferentfrom
the opticaladmittanceof silicon. Low-stress
siliconnitridewithn=2.2canbeemployedforthis
matching layer. The resulting theoretically
designedstructureis presentedin Table2,andits
reflectancecurvecanbeseeninFigure.5.
Table2. The structuresdesignedby usingtwo
stopbandsuppression(11.0=1800nm).
Taking dispersion into account, the
perfonnanceof thisdesignimprovesconsiderably
duetoa significantdecreasein reflectancewithin
the passband,as it can be seenin Figure.6.
40.0
Q
= 30.0
....
= 20.0
10.0
MatchingStructure
WithAir
OXIDE
n=1.46;d=90nm
NITRIDE
n=2;d=150.3nm
BasicStructure OXIDE
(aiAbBaAbBaiA)5 n=1.46;d=24.7nm
NITRIDE
n=2;d=136.6nm
OXIDE
n=1.46:d=90nm
MatchingStructure LOW-STRESSNITRIDE
WithSubstrate n=2.2;d= 62.5nm
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Figure4. Thereflectanceurvesof oneorderstopbandsuppressedstructuresultedbysetting
,1/Ao=2, ,10=1100run(solidline)and,1/,10=3, ,10=1650run(dashedline).
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Figure5. The reflectancecurvesof thetwoorderstopbandsuppressedcoatings:As designed,
withoutmatchingstructure(solid line), andwith matchingstructure(dashedline),
respectively.
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The optimizationof this designwas quite
easysincethe initial designprovideda good
performance.The optimizationwas done by
varyingboththethicknessesandrefractiveindices
of thecoating'slayersandsettingtheoptimization
bandwidthtargetfrom390nmto780nm.Thefinal
structureafteroptimizationandits performance
are presentedin Table 3 and in Figure.6,
respectively.
Conclusions
I. A broadbandanti reflectingcoatingsusing
Silicon-compatiblematerialswasdesigned.The
AR providesa low reflectance«10 % within
thepassband)foraSi substrate(notglass,asis
thetargetin themajorityof literaturesources)
inthewavelengthrange380to780nm.
2. The methodbasedon themainpropertiesof
symmetricalmultilayerperiodscouldbeused
in thedesignof broadbandantireflectingthin
film filtersusingSilicon-compatiblematerial,
butneedsoptimizationprocessbyvaryingboth
thicknessesand refractiveindices of the
coating'slayers.
3. Thefinaldesignperformanceprovidesa larger
reflectancerippleinthepassband.However,as
long as a low reflectancecan be achieved
withinpassband,thisfeatureisnotaproblem.
4. The real limitationin the opticalthin-film
filters is the capabilityof the fabrication
processto producelayersof preciselythe
correctopticalconstantsandthickness.This
aspectcouldnotbeexaminedherebecause,on
onehand,of thelimitedavailabletime,andon
theotherhand,duetothelimitedscopeof the
projectwhichhadtofocusonlyonthefinding
thebestoptimizeddesignsmostsuitablefor
subsequentpracticalrealization.Therefore,an
importantrecommendationfor futurework is
relatedtoperformingtheactualimplementation
of the filters and then measuringtheir
performanceand comparethe measured
characteristicswiththetheoreticallypredicted
ones.
IIIuminant:WHITE
Medium:Air
Subtrate:LIT-SI
Exit: LIT-SI
Detector:IDEAL
Angle:0.0(deg)
Reference:1100.0(nm)
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Figure6. Thereflectancecurvesof thetwoorderstopbandsuppressedstructures,calculatedaftertaking
intoaccountthedispersionoftherealmaterialsandafteroptimization,respectively
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Table3.Thedesignstructuresaftercomputeroptimization
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